Two feeding trials were conducted with pigs to determine the effects of blueberry supplementation on plasma lipid levels and other indices of cardiovascular benefit. In the first trial, where basal diets contained a high level of plant-based components (70 % soya, oats and barley), supplementation with 1, 2 and 4 % blueberries resulted in a decrease in total, LDL-and HDL-cholesterol. The greatest reduction was observed in the 2 % blueberry-fed pigs, where total, LDL-and HDL-cholesterol were reduced 11·7, 15·1 and 8·3 %, respectively. In the second trial where basal diets contained only 20 % (w/w) of soya, oats and barley, the lipid-modulating effect of blueberries was attenuated, so that supplementation with 1·5 % blueberries reduced total cholesterol by 8 %, which occurred only in pigs whose diets had been supplemented with cholesterol (0·08 %), NaCl (0·11 %) and fructose (9 %). In the first feeding trial, blueberry supplementation had no effect on blood platelet activity. Blueberry supplementation also had no effect on the susceptibility of leucocyte DNA to oxidation in the first trial and no effect on the susceptibility of LDL to oxidation in the second trial. Results of these two feeding trials are discussed in relation to the effects of basal diet composition on lipid-modulating effects of blueberries.
Epidemiological evidence indicates that fruit, vegetable and whole-grain consumption is associated with a decreased risk of CHD (1) and stroke (2) . Currently, specific fruit, vegetable and whole-grain components are being studied to determine the mechanisms underlying the health-protective properties of these foods. Of great interest for their possible cardioprotective effects are the (poly)phenolics, which are ubiquitous in plant foods and particularly abundant in berry crops (3) . Results from in vitro and in vivo studies suggest that phenolics and, in particular, flavonoids, may benefit cardiovascular health in several ways. Flavonoids may act as antioxidants to inhibit LDL oxidation, and thereby protect against vascular insult by atherogenic oxidised LDL (4) . Flavonoids may reduce vascular inflammation related to atherosclerosis (5) . They are also reported to inhibit platelet aggregation and adhesion (6) . Flavonoids may affect reverse cholesterol transport to decrease total and LDL-cholesterol (for a review, see Reed (7) ). Some phenolic-containing foods, such as citrus (8) , red grape products (9) , tea (10) and chocolate (11, 12) have been shown to affect cardiovascular attributes including those mentioned above.
Blueberries (BB) are of interest in health and nutritional science because of their high phenolic content compared with other fruit crops (13) . BB are relatively rich in anthocyanin flavonoids, chlorogenic acid, as well as proanthocyanidins (13) . They also contain abundant glucose, fructose and organic acids (especially citric and malic acid), starch, pectin, cellulose and other polysaccharides (14) . BB have been noted for their neuroprotective effects when studied in in vivo models of inflammation, oxidative stress, ageing and neurodegenerative disease (for a review, see Joseph et al. (15) ) as well as in neural transplantation (16) . Pigs are a suitable model for the study of dietary effects on human cardiovascular attributes, including plasma lipid composition. Pigs are omnivores and will eat essentially all foods common in the human diet. They have levels of LDL similar to humans and, like humans, are susceptible to diet-induced vascular disease. They have a propensity to develop atherosclerotic plaques at the same sites as humans (for example, aorta, carotid artery) and can undergo plaque regression. They have similar haemodynamic parameters, such as blood pressure, pulse pressure and heart rate (for reviews, see Turk & Laughlin (17) and Moghadasian et al. (18) ). Their platelets behave in a similar manner to those of humans (19) , and they have a similar body weight as humans.
Soya, oats and barley contain components recognised for their lipid-modulating properties. Oats and barley contain b-glucan, which is purported to reduce cholesterol by increasing the hepatic conversion of cholesterol to bile acids (20) . Because of its gelling properties, b-glucan may also increase the viscosity of food in the lumen of the gut to create an unstirred layer at the intestinal mucosa which reduces absorption of food components, including cholesterol (20) . Soya protein and isoflavones have both been reported to have beneficial effects on serum lipids, although the relative importance of each component remains controversial (20) . Because BB are a rich source of phenolics (13) that are potentially cardioprotective (3,5 -7) , the purpose of the present study was to determine whether BB feeding could affect plasma lipids, platelet aggregation, and blood coagulation and antioxidant indices. Two separate BB feeding trials are reported here; these two trials did not share a common treatment. Since the basal diet composition in the two feeding trials differed substantially in their content of soya, oats and barley, these two trials may provide an opportunity to examine the effect of basal diet composition, and BB, on plasma lipids.
Experimental methods

Animals
These studies were conducted with the approval of the University of Prince Edward Island Animal Care Committee, under the Guidelines for the Care and Use of Experimental Animals (Canadian Council on Animal Care). Two pig feeding trials, trial 1 (T1) and trial 2 (T2), were performed in 2004 and 2005, respectively.
In both T1 and T2, healthy male castrated pigs (Yorkshire £ Landrace) were obtained from a local producer at approximately age 32 -41 d, 2 weeks after weaning. Pigs, which weighed 15^2 kg at the beginning of the study, were housed in groups of five (T1) or six (T2), in pens that were 1·52 m wide, 3·04 m deep and 1·07 m high. After an acclimation period of 2 d (T1) or 2 weeks (T2), in which they were fed control diets, pigs were switched to experimental diets that had added BB (T1 and T2) and cholesterol, salt and fructose (T2) ( Table 1 ). In both T1 and T2, pigs consumed food ad libitum, except that feed was removed from pens approximately 18 h before blood sampling (just before euthanasia at 4 and 8 weeks in T1, and 12 weeks in T2). Weight gain was measured weekly in individual pigs. Feed intake was measured weekly as a mean value for each pen.
In T1, there were two pens per experimental diet group, with five pigs per pen, at the beginning of the study. In T1, five pigs in each diet group (i.e. one pen) were euthanised after 4 weeks, and five pigs in another pen were euthanised after 8 weeks, for studies on anthocyanin bioavailability which will be reported elsewhere. In T2, the six pigs per diet group were euthanised after 12 weeks.
Diets
Basal diets were formulated to meet or exceed nutrient requirements of pigs weighing between 15 and 75 kg (21) . Basal diets were supplemented with whole freeze-dried, powdered BB (Vaccinium corymbosum L., var. 'Jersey') where indicated ( Table 1 ). In T1, BB powder was added to diets at a concentration of 0, 1, 2 and 4 % (w/w) and in T2 at 1·5 % (w/w). To normalise the sugar concentration in T1 diets, glucose and fructose were present as BB sugar and/or added sugar, at a concentration of 12 and 13 g/kg diet, respectively. Similarly in T2, glucose and fructose was added to the non-BB diets at a concentration of 4·95 and 4·5 g/kg diet, respectively (Table 1) . BB contain very small amounts of sucrose (22) and diets were not normalised for BB sucrose. In both T1 and T2, diets were isoenergetic. Total energy was about 18 % greater in T1 than T2. In both T1 and T2, diets were normalised for their amino acid content. Soya, oats and barley made up 70 % (w/w) of the diet in T1 and 20 % of the diet in T2 (Table 1 ). In T2, cholesterol (0·08 %), NaCl (0·11 %) and fructose (9 %) were added to diets that either did, or did not, contain 1·5 % BB ( Table 1) .
The most abundant dietary antioxidant that was varied in T1 and T2 was the phenolics present in the BB powder. The next most abundant antioxidant present in the BB powder was vitamin C, which contributes less than 5 % to the total antioxidant capacity of BB (23) . The phenolic concentration of the BB powder was measured in extracts prepared both in water and in a solvent mixture of 40 % acetone, 40 % methanol, 20 % water and 0·1 % formic acid (13) . Colorimetric assays were used to measure the phenolic (24) and anthocyanin (25) content of the BB powder. Total phenolic and anthocyanin content were also measured using HPLC and diode array detection at 280 and 520 nm, respectively (13) .
Blood collection and analysis
A blood sample was collected at 4 and 8 weeks in T1, and at 0, 4, 8 and 12 weeks in T2, from the jugular vein of ketaminesedated pigs (20 mg/kg body weight; intramuscular). Blood was collected into Vacutainer tubes (VWR International, Mississauga, ON, Canada) which contained specific anticoagulants, where needed, for clinical analyses. In both T1 and T2, blood was collected for a complete blood count and serum lipid analysis.
Total, LDL-and HDL-cholesterol, and TAG were measured directly using enzyme-linked assays, and monitored using a Hitachi 911 auto-analyser (Roche, Laval, QU, Canada) and test kits obtained from Diagnostic Chemicals (Charlottetown, PE, Canada). For measurement purposes, HDL was solubilised from particles, and the reaction of LDL, VLDL and chylomicrons were selectively inhibited by their conversion into stable complexes. In LDL measurements, VLDL-, HDL-and chylomicron-cholesterol were oxidised before the solubilisation and measurement of LDL.
In T1, blood was also collected for the measurement of platelet function, prothrombin and activated partial thromboplastin time, and leucocyte DNA oxidisability. In T1 platelet function was analysed using the automated platelet function analyzer (Dade Behring, Mississauga, ON, Canada) according to the manufacturer's specifications. This instrument simulates in vitro the processes of platelet adhesion and aggregation following vascular injury. Freshly collected whole citrated blood and pre-measured collagen-adrenaline agonists contained in cartridges (Dade Behring) were mixed within the instrument. The time needed to form a platelet aggregate to occlude a capillary tube was determined. In T1, prothrombin time and activated partial thromboplastin time were measured in platelet-poor plasma obtained by centrifuging citrated blood. Automated prothrombin time and activated partial thromboplastin time determinations were carried out using a MLA Electra 1400C coagulation analyser (Beckman Coulter, Mississauga, ON, Canada) according to the manufacturer's specifications.
In T2, blood was also collected for LDL oxidisability and for the determination of plasma concentrations of C-reactive protein, insulin and glucose. Plasma levels of C-reactive protein were measured using an ELISA test kit specifically developed for swine (Immunology Consultants Laboratory, Inc., Newberg, OR, USA). Plasma glucose and insulin were measured using diagnostic services provided by the Queen Elizabeth II Hospital (Charlottetown, PE, Canada). Insulin was measured using Immulite test kits (Diagnostic Products Corporation, Los Angeles, CA, USA).
Antioxidant assays
In T1, DNA oxidisability was measured according to the method of Batel et al. (26) using leucocytes isolated from freshly collected blood and cryo-preserved at 2 808C. Briefly, leucocytes were rapidly thawed and counted before they were treated with 250 mmol/l H 2 O 2 in PBS for 5 min on ice. Leucocytes were centrifuged and the pellet was re-suspended and diluted to approximately 120 cells/ml in TE buffer (10 mM-tri(hydroxymethyl)-aminomethane -HCl, pH 7·4, containing 1 mM-EDTA). Proteinase K (Sigma Chemical Co., Oakville, ON, Canada) in TE buffer was added to achieve a proteinase K concentration of 1 mg/ml. Cells were allowed to rupture during 30 min at 378C. Samples (25 ml) of ruptured cells, plus 25 ml of a 50-fold dilution of PicoGreen dye (Invitrogen, Burlington, ON, Canada) in TE buffer, were added to a black microwell plate (Cliniplate; VWR International, Mississauga, ON, Canada) for fluorescence measurement (excitation 475 nm, emission at 520 nm). After an initial measurement was made, 250 ml of the DNA-denaturing mixture (TENaOH buffer, pH 12·4) was added to the wells. Wells were read every 1 min for 40 min. Calf thymus dsDNA (Bio-Rad, Montreal, QU, USA) diluted in TE buffer was used as a standard in the assay at 50 ng per well. Data were calculated as the strand scission factor (SSF), with: SSF ¼ log 10 ð% dsDNA ð40 minÞ =% dsDNA ð0 min2blankÞ Þ:
To measure LDL oxidisability in T2, LDL was partially purified from previously frozen plasma using affinity chromatography on heparin-agarose (Sigma Chemical Co., Oakville, ON, Canada), as described by Vinson et al. (27) . After loading 1 ml of plasma, the column was washed with water, then 0·7 % NaCl, and finally 2·7 % NaCl. The fraction removed with 2·7 % NaCl, which contained LDL and VLDL, was used in the lipid oxidation assay. The 2·7 % NaCl fraction was diluted to 2·6 g protein/l using the Bradford reagent (Sigma Chemical Co.). The LDL oxidation assay (250 ml) was conducted in PBS, pH 7·4, and monitored at 234 nm using a microplate reader (SpectraMax 190; Molecular Devices, Sunnyvale, CA, USA). The uninhibited formation of conjugated dienes arising from lipid oxidation was taken as the inflection point in the 234 nm profile. It took a minimum of 50 min for an inflexion point to occur, indicating that the LDL was not extensively oxidised at the beginning of the assay.
Statistical analysis
Data were analysed using procedures in GenStat w (VSN International Ltd, Hemel Hempstead, Herts, UK) (28) . In T1 ANOVA was used to determine the effects of BB dose and feeding duration on the various attributes. In this analysis, pigs were the primary experimental units. Feeding duration (4 v. 8 weeks) was the secondary unit examined among the pigs that were in the study for 8 weeks. The ANOVA table was partitioned to report variation among and within pigs. The overall effects of BB dose and pens (i.e. two pens per BB diet group at 4 weeks) and their interaction were assessed from the variation among pigs. The effects of feeding duration and its interaction with BB diets were assessed within the pigs that were fed for up to 8 weeks. Differences among the BB diets, and their interaction with feeding duration, were assessed with orthogonal contrasts. These included BBsupplemented v. non-BB-supplemented diets, and BB diets containing 4 % v. 1 and 2 % BB, and 2 % v. 1 % BB. The initial value for each blood attribute was used as a covariate for each pig in the analysis.
In T2, blood attributes were measured after 0, 4, 8 and 12 weeks of feeding. The mean value and the regression slope of the change over the 12-week feeding period was calculated, and analysed by ANOVA and by a procedure using a 2 £ 2 factorial design (^BB,^cholesterol, salt and fructose). The initial (week 0) value for each blood attribute was used as a covariate for each pig in the analysis.
Results
Diets
Analysis of the BB powder revealed different contents of phenolics and anthocyanins depending on whether the BB powder was extracted in water or solvent. Colorimetric measurement of total phenolics in water and solvent-based extracts indicated a content of 6·64 and 13·4 mg gallic acid equivalents/g DM BB powder, respectively. Colorimetric measurement of anthocyanin content in water and solventbased extracts indicated a content of 1·57 and 7·97 mg cyanidin 3-glucoside equivalents/g DM BB powder, respectively. HPLC analysis of the BB powder (Fig. 1) shows the profile of total phenolics (280 nm) and of anthocyanins (520 nm) in the 'Jersey' BB powder extracted in solvent ( Fig. 1 (a) and (b) ) or water ( Fig. 1 (c) and (d) ). The major non-anthocyanin phenolic omponent was chlorogenic acid, which was determined based on retention time in comparison with a pure standard.
Feed intake and weight gain
In T1 there was no difference in feed intake (average kg feed consumed/pig per d) among the diet groups in T1 (Fig. 2) . However, weight gain was affected by BB dose (P¼0·023). While weight gain was higher in the 1 % BB-fed pigs it was lower in the 4 % BB-fed pigs, compared with the control (0 % BB). Control and 2 % BB-fed pigs had a similar weight gain (Fig. 2) .
In T2, there was no significant difference (P¼0·774) among the diet groups in feed intake (kg consumed/pig per d), nor for weight gain related to either the addition of 1·5 % BB (P¼0·419), or cholesterol, salt and fructose (CSF) (P¼0·162), or both BB and CSF (P¼0·101).
Blood lipids
In T1, plasma lipid concentrations were not significantly different when measured in the same pigs at 4 and 8 weeks; therefore results of these two time points (forty pigs at 4 weeks, and twenty pigs at 8 weeks) were combined ( Table 2 ). The plasma concentration of total, LDL-and HDL-cholesterol were lower in pigs that received BB in the T1 basal diet that contained 70 % (w/w) of soya, oats and barley (Fig. 3) . In T1 the addition of BB lowered total cholesterol (P¼0·004), LDL (P,0·001) and HDL (P¼0·022). Total cholesterol appeared to decline in relation to BB dose between 0, 1 and 2 % of BB, but was similar between 2 and 4 % BB (Fig. 3) . The 2 % BB dosage was the most effective in lowering total cholesterol (2 11·7 %) (Fig. 3) , LDL (2 15·1 %) and HDL-cholesterol (2 8·3 %) (Fig. 4) . Compared with 2 % BB, total and LDL-cholesterol increased in the 4 % BB-fed pigs, albeit not significantly (Figs. 3 and 4) .
In T2, where basal diets contained 20 %, instead of 70 % (w/w), of soya, oats and barley, the addition of CSF to the diets resulted in higher total (P, 0·001) and LDL plasma cholesterol (P, 0·001) ( Table 3) . Although BB feeding resulted in a trend (P¼0·043) to lower total plasma cholesterol over the 12-week feeding period, the lipid-modulating effect of BB was attenuated compared with T1. The lipid-lowering effect of BB appeared to be limited to pigs whose diets were supplemented with CSF ( Fig. 5) although there was no significant interactive effect between BB and CSF (Table 3 ).
Blood clotting
Blood clotting attributes were measured in T1 only. There was no effect of BB feeding on platelet activation when measured ex vivo using collagen-adrenaline as the agonist and an automated platelet function analyser (P¼0·194). Similarly, other clotting parameters including plasma prothrombin time and activated partial thromboplastin time were not affected by BB feeding (P¼0·097 and P¼0·081, respectively).
Antioxidant and other effects
There was no effect of BB supplementation on the oxidisability of either leucocyte DNA in T1 (P¼0·968) or LDL oxidisability in T2 (P¼0·457). Similarly, there was no effect of 12 weeks of BB supplementation on plasma concentration of C-reactive protein, insulin or fasting glucose in T2 (data not shown).
Discussion
Pigs are known to be a useful model for the study of human cardiovascular attributes (18) in human health research. The 1 to 4 % (w/w) BB powder contents in the diet, in relation to feed intake of pigs, were approximately equivalent to 1-4 one-cup servings of BB per kg diet, based on anthocyanin content. One cup of fresh BB weighs approximately 125 g. Therefore, in the present study, normal healthy pigs were fed BB doses that could be reasonably achieved in the adult human diet, and suggests that the observed effect from BB supplementation could occur in healthy humans.
Diets
The phenolic components of the BB powder were up to five times less abundant in a water extract compared with the solvent extract (Fig. 1) . The extraction of phenolics and anthocyanins into water (Fig. 1 (c) and (d) ) may simulate more closely the extraction of phenolics from the BB and food matrix during normal mastication and the early stages of digestion. It is unlikely that the release of BB phenolics and anthocyanins during eating would be as effective as their release during solvent extraction ( Fig. 1 (a) and (b) ), particularly since phenolic components (including anthocyanins) are known to bind to various macromolecules, especially protein.
In both T1 and T2, fat provided approximately 30 % of the energy in the diet (Table 1 ). In T2, we simulated a poor 'heart health' diet by including a lower level of plant-based foods than in T1, and added CSF that is known to increase plasma lipids (29) , blood pressure (30) and blood glucose (31) , respectively. All of these factors can contribute adversely to cardiovascular health. 
Weight gain
In T1, BB affected the weight gain of pigs, where 4 % BB reduced it, while 1 and 2 % BB did not affect it significantly. This result is interesting because recent studies report effects of anthocyanins on weight gain. Tsuda et al. (32) showed that purple maize anthocyanins reduced weight gain in mice on high-fat diets, and subsequently showed that purple maize anthocyanins can affect adipocyte cytokine secretion in vitro (33) . In their 2003 study, Tsuda et al. supplemented mouse diets with 2 mg per g feed, while our 4 % pig diet contained only 0·312 mg cyanidin 3-glucoside equivalents per g feed. Therefore, the results of the present study support the observations of Tsuda et al. (32) but were observed at a much lower level of dietary anthocyanin. Tsuda et al. (32) also reported that purple maize anthocyanins normalised glucose, insulin and leptin concentrations increased by the high-fat diet. Jayaprakasam et al. (34) reported that anthocyanins affected insulin release in isolated pancreatic b-cells in vitro. The lack of a significant effect of feeding BB on plasma insulin in T2, as compared with the in vitro results reported by Jayaprakasam et al.
(34) , may be partially due to the low in vivo bioavailability of anthocyanins (35) .
Plasma lipids
The present study is the first to report hypolipidaemic effects of BB, and is interesting particularly since the effects in T1 and T2 were observed at moderate BB doses. In T1, the reduction in total and LDL-cholesterol was a desirable result of BB supplementation, while the reduction in HDL and the lack of an effect on plasma TAG level was not.
Other phenolic-containing diet supplements have also been reported to affect plasma lipids. Citrus flavones and flavonones isolated from tangerine peel reduced total and LDL, and TAG, but did not affect HDL-cholesterol in hamsters with diet-induced hypercholesterolaemia (8) . Since these components originated from a non-food source (i.e. peel) it is not possible to compare a serving size with the BB doses employed here. A polyphenol extract obtained from a mixture of red, purple and green grapes, incorporated into diets at the approximate equivalent of 56 g fresh grapes per 100 g diet, decreased plasma TAG and VLDL in ovariectomised guinea-pigs fed cholesterol-enriched diets (9) . VLDL concentration was not measured in the present study.
Lipid modulation by blueberries in trial 1 and trial 2
Although the two feeding trials are not directly comparable because they lacked a common treatment group, the results suggest that the lipid-modulating effects of BB in T1 and T2 may have been influenced by the composition of the basal diet. In T1, where BB had the greatest cholesterol-lowering effect, basal diets were rich in plant foods, including soya, oats and barley (Table 1) . Cholesterol-lowering effects have been reported for each of the major components of the T1 basal diets, i.e. soya, oats and barley (for a review, see Kerckhoffs et al. (20) ). In T2, however, where the combined content of soya, oats and barley was reduced from 70 % (w/ w) to 20 % (w/w), feeding 1·5 % BB had a reduced effect on plasma cholesterol. The maximum plasma cholesterol reduction effect was only 8 % in T2, observed after feeding for 12 weeks with 1·5 % BB (Fig. 5) , while it was 12 % lower after feeding 2 % BB in T1 (Fig. 4) for either 4 or 8 weeks. It is possible that in T1, the higher levels of cholesterol-lowering components worked more effectively in combination with BB to beneficially affect plasma lipid levels in the pigs. The trends in plasma lipid modulation by BB may have been more apparent if there had been greater replication in the diet treatments; in T1 n 5 and in T2 n 6.
The observation in T2 that BB appeared to only affect plasma cholesterol in pigs fed poor 'heart health' diets (i.e. added CSF) (Fig. 5 ) supports other observations that lipid modulation by food components is most effective in models of diet-or genetically induced hyperlipidaemia. For example, cranberries only reduced cholesterol in genetically hypercholesterolaemic pigs, and not in normal pigs (7) , and lipid-lowering effects of citrus were observed in hamsters with diet-induced hypercholesterolaemia (8) .
Lack of effects on platelet activity and blood clotting While flavonoids, including anthocyanins, have been reported to reduce blood platelet activity in vitro and ex vivo (5, 36) , and the propensity of clot formation (3) , no effect of BB on pig blood platelet activity was observed in the present study as measured with a Dade Behring platelet function analyzer (Dade Behring). Differences in methodology may explain this inconsistency. However, in conjunction with the present study, an informal evaluation of BB juice consumption on platelet function activity in twenty-three human volunteers was examined. The BB juice, which was consumed daily for 1 month and provided 900 mg gallic acid equivalents of phenolic components, produced no effect on platelet activity (W Kalt, unpublished results). Anthocyanin effects on platelet aggregation were suggested by the results of Keevil et al. (6) where purple grape juice, but not orange juice, reduced platelet aggregation in vitro. Hubbard et al.
(37) also failed to see an effect of a polyphenolic-rich diet on platelet function. The poor bioavailability of the anthocyanins (35) may have contributed to the lack of a significant effect of BB observed in both pigs and human subjects.
Conclusion
Results of T1 and T2 suggest that BB may be another phenolic-rich food that can beneficially affect plasma lipid status. The two feeding trials illustrate how lipid-modulating dietary components (such as BB, soya, oats, and barley) may function synergistically to beneficially affect plasma lipid status. These results complement the work by Jenkins (38) on the 'Portfolio Diet'. Jenkins et al. (38) have shown that the Portfolio Diet, which includes several cholesterollowering foods and food components (sterols, stanols, soluble fibre, and phenolics), can reduce plasma lipid levels, and can be as effective as statin drug treatment in doing so. 
